Thin films made by NH 4 OH treated single-walled carbon nanotubes exhibit a hydrophilic property and are capable of transporting nondipolar droplet at low field. The underlying mechanism is discussed and verified.
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Electrocapillary plays a crucial role in droplet migration and two processes are involved. Firstly, electrolyte moves as a result of polarization upon applied electric field ͑Ͻ5 V͒, known as electrowetting ͑EW͒. In this case, an electric double layer ͑EDL͒ is formed on substrate to act as driving force for droplet migration. The EW process can be operated at low field but it is limited to electrolytes. As far as we are concern, the migration of nondipolar liquids ͑e.g., ethylene glycol͒ at low field has not been achieved. Secondly, substrate is precoated with dielectric layer and liquid droplet flows via differentiated tensions across the solid-liquid ͑␥ sl ͒ interface, which is electrowetting-on-dielectric ͑EWOD͒. 4 Variation of surface tension is owing to electric field induced capacitance on dielectric material; in other words, the ␥ sl can be controlled by tuning applied voltage, and the relationship between ␥ sl and capacitance is described by Lippmann's equation
where ␥ sl 0 is the surface tension without potential drop across interface, c is specific capacitance, and V is applied voltage. Although the EWOD can be applied to various solvents, the plug-in potential on the other hand demands several hundred volts. [6] [7] [8] [9] Surface characteristics of carbon nanotubes have been studied based on classical model ͑Fig. 1͒ and interfacial tension is defined by Eq. ͑2͒:
where ␥ sv and ␥ lv are tensions at solid-vapor and liquidvapor interfaces, respectively, and is contact angle ͑CA͒. Calculation shows that surface tension of carbon nanotubes ranges between 40 and 80 mN/ m, 10 consistent with experimental data obtained from multiwalled carbon nanotubes ͑20-45 mN/ m͒. [11] [12] [13] CA between water droplet and nanotubes is 103°.
14 This value can be promoted to 150°when carbon nanotube films are treated with flouroalkylsilane; 15 in other words, the wetting property of carbon nanotubes is controlled by chemical treatments. In this work, we chemically modify the single-walled carbon nanotube film ͑SWNTF͒ by ammonia solution and it is found that migration of nondipolar droplets takes place on treated SWNTF at low field.
SWNTs were synthesized according to procedure reported by Cheng et al. 16 and as-made product was used as testing material to evade the SWNT functionalization during purification procedure ͑e.g., COOH or CO groups͒ ͓Fig. 2͑a͔͒. Sample was soaked in NH 4 OH ͑Showa, 28%͒, followed by 10 min ultrasonic agitation. Materials were then extracted from solution and transferred onto a glass substrate to form a SWNTF ͑10ϫ 10 mm 2 ͒. This procedure has been repeated until film thickness has reached 1 m; i.e., thicker films prevent a direct contact between droplet and glass matrix. Silver paste was then painted onto film verges to form electrical connections ͓Fig. 2͑b͔͒ and droplet migrations were in situ recorded by an optical microscope ͑OM͒ ͑ϫ400͒ equipped with charge coupled device camera ͑ϫ2͒.
Ethylene glycol was selected and tested in comparison with de-ionized water because our primary goal is to transport nondipolar liquid at low voltage. The resistances of deionized water, glycol, and SWNTF are 18.2 M⍀, 0.93 M⍀, and 50 ⍀, respectively, which means that electrical current does not pass through liquid droplets.
In Fig. 3 , the OM pictures show CA of water droplets on ͑a͒ as-made SWNTF, ͑b͒ NH 4 OH treated SWNTF without electric field, and ͑c͒ NH 4 OH treated SWNTF with applied electric field. A similar procedure has been carried out for ethylene glycol ͓͑d͒-͑f͔͒. The surface tension of nanotube film is estimated by the Owen-Wendt model, 17 which is written as
where ␥ is the overall surface tension contributed by hydrogen bond ͑␥ H ͒ and van der Waals interaction ͑␥ d ͒, respectively. 18 4 OH treatment enhances the SWNT affinity to OH groups via adsorbed NH 3 . 19 In the presence of voltage application ͑6 V͒, CA of treated film is further reduced by 2.5°for water and by 7.5°for ethylene glycol, respectively; meanwhile, surface tension has increased from 32.67 to 36.10 mN/ m, mainly due to increment of the ␥ s d . No change in CA has been observed for both liquid droplets on as-made film between 1 and 6 V, which again verifies the essentiality of ammonia hydroxide treatment in our study.
The water droplets begin to migrate at 4 V and migrating droplets gradually accumulate at the anode ͓circles, Figs. 4͑a͒-4͑d͒, supporting data͔. Note that water on the anode is not due to direct evaporation from SWNTF because droplet is not found on the cathode; meanwhile, the low resistance SWNTF produces very small joule heating ͑Ͻ10°C͒. The droplet moves immediately while voltage is turned on, and then reaches a constant velocity in several seconds. We find that the CA of droplet remains unchanged during constant movement. The relationship between the bias and droplet mobility has also been investigated and no obvious change in mobility was found between 4 and 6 V. Migration of ethylene glycol also occurs at 4 V and its mobility is faster than water. Based on real-time video recording 20 the volumetric flow rates have been estimated to be 1.105ϫ 10 7 m 3 / s for water and 9.18ϫ 10 7 m 3 / s for ethylene glycol, respectively.
In the presence of electric field an NH 3 molecule on SWNT surface receives a proton from H 2 O to form NH 4 + and the Coulomb attraction is therefore established between the cations and negatively charged SWNTF. This is an EDL structure and droplet migrates accordingly. Two OH groups at both ends of ethylene glycol give a larger Coulomb attraction relative to water, which accounts for the greater reduction of CA upon voltage application ͓Table II and Figs. 3͑c͒ and 3͑f͔͒. The shape of ethylene glycol droplet becomes asymmetric at 6 V and the CA decreases ͓Figs. 4͑e͒-4͑h͔͒, which is attributed to large increment of ␥ s H on treated film ͑Table II͒. The field induced droplet migration is related to specific capacitance ͑c͒ of EDL and the c of water and glycol on treated SWNTF can be calculated as follows. Firstly, the ␥ sl o and ␥ sl are estimated based on results obtained from Owen-Wendt model and Young-Laplace equation. Secondly, the voltage ͑6 V͒, ␥ sl o , and ␥ sl are substituted into Eq. ͑1͒ to obtain the specific capacitance ͑Table III͒, which allows the reduced dielectric constant r to be evaluated by Eq. ͑4͒: 
where r is reduced dielectric constant, o is the dielectric constant of vacuum ͑=8.854ϫ 10 −14 F/cm͒, and d is 1 nm. In Table III , EDL of ethylene glycol exhibits much higher c and r , suggesting a greater concentration of cations ͑NH 4 + ͒ on tube surface. 20 The higher concentration of cations on film means an equivalent concentration of counterions in the liquid droplets, namely, a stronger Coulomb attraction is produced between the anode and negatively charged droplets ͑ethylene glycol͒. Experiments have been repeatedly carried out on the same film and results are similar, indicating that NH 3 molecules do not deplete during droplet migration.
In conclusion, ethylene glycol droplet can be transported on treated SWNTF at low voltage ͑4-6 V͒. NH 4 OH treatment changes SWNTF into hydrophilic property due to NH 3 adsorption. The adsorbed molecules are converted into cations in the presence of electric field, which in turn induces a higher concentration of counterions in ethylene glycol droplet, thus enhancing the Coulomb attraction between the droplets and anode.
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